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Studies on the interaction of « subunits of GTP-binding proteins with py dimers

Rolf GRAF!, Rafael MATTERA !, Juan CODINA !, Tony EVANS?, Yee-Kin HO*, Mary K. ESTES? and Lutz BIRNBAUMER!

1

Department of Cell Biology and

Division of Molecular Virology, Baylor College of Medicine, Houston, Texas, USA

Genentech, Inc., South San Francisco, California, USA

Department of Biological Chemistry, University of Illinois Medical Center, Chicago, Illinois, USA

W oN

(Received (June 30, 1992) — EJB 92 0911

The interaction of several preparations of purified By dimers with two types of guanosine-
nucleotide-binding-regulatory-(G)-protein « subunits, a recombinant bva;3, made in Sf9 Spodoptera
frugiperda cells by the baculovirus (bv) expression system, and o, either purified from human
erythrocyte G,-type GTP-binding protein, and activated by NaF/AICl;, or unpurified as found in a
natural membrane, were studied. The By dimers used were from bovine rod outer segments (ROS),
bovine brain, human erythrocytes (RRBC) and human placenta and contained distinct ratios of
subunits that, upon electrophoresis, migrated as two bands with approximate M, of 35000 and 36000,
as well as distinct complements of at least two y subunits each. When tested for their ability to
recombine at submaximal concentrations with bva;;, ROS, brain, hRBC and placental By dimers
exhibited apparent affinities that were the same within a factor of two. When bovine brain, placental
and ROS By dimers were tested for their ability to promote deactivation of G, brain and placental
By dimers were equipotent and at least 10-fold more potent than that of ROS By dimers; likewise, brain
By and placental dimers were equipotent in inhibiting GTP-activated and GTP-plus-isoproterenol-
activated adenylyl cyclase, while ROS By dimers were less potent when assayed at the same concen-
tration. The possibility that different a subunits may distinguish subsets of fy dimers from a single
cell was investigated by analyzing the By composition of three G proteins, G,, G;, and G;3, purified
to near homogeneity from a single cell type, the human erythrocyte. No evidence for an «-subunit-
specific difference in By composition was found. These findings suggests that, in most cells, a subunits
interact indistinctly with a common pool of By dimers. However, since at least one fy preparation
(ROS) showed unique behavior, it is clear that there may be mechanisms by which some combinations

of By dimers may exhibit selectivity for the a subunits they interact with.

One of the characteristics of the trimeric signal transducing
heterotrimetric GTP-binding proteins of afy subunit compo-
sition (G proteins) is that they can be activated by GTP
analogs such as guanosine 5'-[y-thio]triphosphate (GTP[yS])
to give two reaction products: a complex of the guanine
nucleotide with the « subunit and a free fy dimer. Although
not yet proven unequivocally, the dissociation reaction is be-
lieved to occur also in membranes containing GTP, under the
catalytic effect of ligand-activated receptors [1, 2]. It has been
speculated [2] and proposed [3, 4] that both a subunits and
By dimers may regulate effector functions under physiologic
conditions. Such a role has indeed been firmly established for
o subunits, which act at picomolar concentrations in several
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Abbreviations. bv, baculovirus; G protein, a class of heterotrimeric
GTP-binding proteins of abg subunit composition; G,, G protein
with afiysubunit; GDP[SS], guanosine 5'-[f-thio]diphosphate;
GTP[yS], guanosine 5'-[y-thio]triphosphate; PTX, pertussis toxin;
ROS, rod outer segment.

Enzymes. Adenylate kinase: ATP:ATP phosphotransferase (EC
2.7.4.3); adenylyl cyclase: ATP:pyrophosphate lyase (cyclizing) (EC
4.6.1.1); creatine phosphokinase: ATP:creatine N-phosphotrans-
ferase (EC 2.7.3.2); NAD-pyrophosphohydrolase: ATP:NMN
adenylyltransferase (EC 2.7.7.1).

systems (summarized in [5]). For By dimers, which act in in-
vitro assays at nanomolar concentrations, such a role has been
debated [6—8]. Reasons for speculating that the fy dimers
participate in information transfer include the findings that
By dimers mimic some aspects of inhibition of adenylyl cyclase
[2], the finding that, in budding-yeast cells, a fy dimer and not
an o subunit mediates the effects of a pheromone [9—11],
the recent discovery of the existence of molecular forms of
adenylyl cyclase that are either stimulated or inhibited by high
concentrations of By dimers [12, 4] and the realization that By
dimers are molecularly quite diverse. In fact, while 16 genes
encoding 17 a-subunit-gene products have been identified [13],
it is possible to postulate a similar number of complexes also
for By dimers, based on the existence of four highly similar
B-subunit genes, a minimum of five y-subunit genes [14] and
perhaps several more as visualized by immunoreactivity [15,
16] and differential migration upon urea/SDS/PAGE.

In contrast, studies on reassociation of the a subunit of
transducin with By dimers of different origins (and compo-
sition) had indicated that By subunits are functionally ex-
changeable {17 —20]. This had led to the proposal that, in any
given cell, the various By dimers may constitute a common
pool, of which its members would be shared equally among
the different a subunits expressed in that cell [6]. This would
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make it unlikely that portions of the holo-G protein other
than the o subunit participate in the transfer of information
from receptor to effector.

One approach to the question as to whether fy dimers may
be mediators of receptor signals, other than to test their effects
on response systems directly, is to test for specificity in their
interactions with «a subunits. In this case, one would predict
+ that, if By dimers are mediators of specific effects of G proteins,
a subunits should have distinguishing affinities for one or
another of the different types of By dimers and that the By
dimer complement associated with a given « subunit should
differ from one G protein to another.

We report below that, upon testing for the interaction of
By dimers from four different sources [erythrocytes, retinal
rod cell segments (ROS), placenta and brain], with several
types of a subunits, we could not detect any significant differ-
ences in behavior among three of these By subunits (erythro-
cyte, brain and placental fy). However, the fourth 8y (ROS)
differed in its behavior from the others, as seen in two G,
related tests (G,, G protein with a, composition), but not in
a third test (trimer formation as seen by stimulation of ADP-
ribosylation). The implications of these findings are discussed.

MATERIALS AND METHODS
Materials

Wild-type baculovirus (Autographa californica nuclear
polyhidrosis virus), the expression plasmid pVL-941 and
Spodoptera frugiperda Sf9 cells were a kind gift from Dr. Max
Summers (Texas A & M University, College Station, TX).
Cells to be infected with recombinant baculovirus, bearing the
human a;3 cDNA, were kept in logarithmic growth phase in
spinner flasks agitated at 60 cycles/min at 27°C, in Grace’s
medium supplemented with 0.33% lactalbumin hydrolysate,
0.33% yeastolate, 0.035% NaHCO,, pH adjusted to 6.2 with
NaOH, 1% (by vol.) of penicillin/streptomycin solution and
10% fetal bovine serum. Grace’s medium, lactalbumin hy-
drolysate and penicillin/streptomycin solution were from
Gibco. SeaKem agarose was from FMC Laboratories. Bovine
serum albumin (Cohn fraction V), ovalbumin (egg albumin),
carbachol, Lubrol-PX, Nonidet P-40, creatine phosphate, cre-
atine phosphokinase and adenylate kinase were from Sigma
Chemical Company. Prior to use, Lubrol PX was purified by
ion exchange chromatography as described [21]. Fetal bovine
serum was from Hazleton; TC yeastolate was from Difco
Laboratorie. Nytran membranes were from Schleicher &
Schuell. Chromatography media were DEAE-Sephacel and
prepacked Mono-Q from Pharmacia. Polyacrylamide-gel
electrophoresis supplies were from BioRad. DEAE-Toyopearl
(TSK-gel Toyopearl DEAE 650 M) was from Supelco.
Guanosine nucleotides, adenyl-5yl imidodiphosphate, nico-
tinamide mononucleotide and NAD-pyrophosphorylase were
from Bochringer Mannheim. Carrier-free '2°I was purchased
from IsoTex. [a-*2P]ATP, prepared by the method of Walseth
and Johnson [22], and [*?P]NAD", synthesized according
to Cassel and Pfeuffer {23], were supplied by the Molecular
Endocrinology Core Laboratory of the Baylor College of
Medicine Diabetes and Endocrinology Research Center. All
other reagents were of the highest purity commercially avail-
able and used without further purification.

Polyacrylamide-gel electrophoresis

Proteins were analyzed by SDS/PAGE according to
Laemmli [24], utilizing as separating gels either a 10%

polyacrylamide gel made in Laemmli’s separation buffer (nor-
mal SDS/PAGE), a 9% polyacrylamide gel slab polymerized
in a 4—8 M urea gradient dissolved in Laemmli’s separation
buffer (urea gradient/SDS/PAGE as described in Scherer e*
al. [25] and Codina et al. [26]) or a discontinuous-gel slab ¢
which the upper half was 12.5% polyacrylamide polymerized
in Laemmli’s separation buffer without urea and the bottom
half was a double gradient of 4—8 M urea and 12.5% —25%
polyacrylamide gradient polymerized in Laemmli’s separation
buffer (discontinuous-urea-gradient and polyacrylamide-
gradient electrophoresis or DUPAGE as described in
Hiidebrandt et al.[27]). For construction of urea gradients,
the Laemmli separation buffer ingredients were dissolved in
freshly prepared 9 M urea immediately after deionizing by
passing up to 500 ml three times over an initially dry 50-ml
column of 20— 50-um-mesh BioRad AG 501-X8(D) resin.
Urea gradient/SDS/PAGE was used to maximize the separa-
tion of different forms of o and B subunits. Urea gradient/
SDS/PAGE was used to maximize separation of different
forms of y subunits. Gels were stained either with Coomassie
blue [21] or with Coomassie blue stained followed by silver
staining to yield different colors [28]. For silver staining, the
gels were destained for 24 h in 50% methanol and soaked
another 12 h in 10% acetic acid/50% methanol.

Pertussis-toxin-catalyzed ADP-ribosylations

Prior to use, pertussis toxin (PTX) was activated by incu-
bation at 250 pg/ml for 30 min at 32°C in the presence of
50 mM dithiotreitol and 1 mM adenyl-5'yl imidodiphosphate.
This was then diluted 10-fold in 10 mM Tris/HCI, pH 8.0, and
0.025% bovine serum albumin and kept on ice until used.
The ADP-ribosylation reactions contained 2 vol. 300 uM
guanosine 5-[f-thio]diphosphate (GDP[BS]), 30 mM thy-
midine, 3 mM EDTA, 3 mM ATP, 6 mM dithiotreitol, 0.5%
Lubrol PX and 45 mM Tris/HCl, pH 8.0, 1 vol. diluted toxin,
1vol. 1 uM [*?P]NAD™* (2—5 x 10° cpm) and 2 vol. additions
containing up to 50 nM native G proteins, the indicated con-
centrations of By dimers, and up to 50 nM recombinant o;;
subunits in the absence or the presence of the indicated con-
centrations of fy dimers, in 10 mM Hepes (sodium salt),
pH 8.0, 1 mM EDTA, 20 mM 2-mercaptoethanol, 30% ethyl-
ene glycol, 0.1% Lubrol PX and 0.1% bovine serum albumin.
Final volumes varied over 10—60 pl. Incubations were for
30 min at 32°C or 30—36 h at 4°C and the reactions were
terminated by addition of 2—3 times the incubation volume
of 2x Laemmli’s sample buffer containing 4 mM unlabeled
NAD. The ADP-ribosylated proteins were then subjected di-
rectly to SDS/PAGE or urea gradient/SDS/PAGE. The slabs
were stained by Coomassie blue, to monitor efficiency of
sample (bovine serum albumin) transfer onto the gels, and
autoradiographed to monitor [*?PJADP-ribosylation.

Immunoblots

Proteins were electrophoresed and transferred overnight
at 25—30 mV at room temperature from unstained gel slabs
onto nitrocellulose sheets, wetted with 25 mM Tris base,
190 mM glycine and 20% methanol using a BioRad Transblot
apparatus. The sheets were then blocked for 3 h at room
temperature by agitating in buffer A (buffer A, 150 mM NaCl,
0.1% NaN3, 50 mM Tris/HC], pH 8.5) plus 3% ovalbumit
(cleared by centrifugation at 30000 x g for 15 min) and ex-
posed to first antibody diluted in fresh buffer A plus 3%
ovalbumin. The sheets were then subjected to 10-min washes
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Fig. 1. Coomassie-blue stained and By dimer-dependent ADP-ribosyla-
tion of purified bva;s. Left, SDS/PAGE analysis of 2 ug bva;, used in
these studies (Coomassie-blue stain). Right, SDS/PAGE analysis of
[*?P]JADP-ribosylation products obtained upon ADP-ribosylating
0.5 ng bvy;; (reaction volume 15 pl) in the absence and presence of
a 10-fold molar excess of brain By (autoradiograph). Stds, M, of
94000, 67000, 43000 and 21000 as described in [21]; D. F., dye
front; Ori, origin.

it room temperature with buffer A, buffer A plus 0.1%
Nonidet P-40 and twice with buffer A, blocked again with
buffer A plus 3% ovalbumin (1 —3 h), and added to buffer A
plus 3% ovalbumin containing 1 x 10° cpm of !25I-labeled
second antibody, usually goat anti-(rabbit 1gG) serum, for
3—15h. After washing as before, the sheets were blotted
to dryness, mounted onto Whatman number 1 paper and
analyzed by autoradiography.

Rabbit anti-(Ge peptide) IgG were prepared against key-
hole limpet hemocyanin-coupled cysteinyl peptides according
to Green et al. [29]. Two such antisera, AI2 (anti-a;,, directed
against a;,-(112—126) of the human «;, sequence [30]) and
Al (anti-a;3, directed against cysteinyl-a;3-(111 —124) of the
human «;; sequence [31, 32]) were used at dilutions of 1:100
to 1:200, to identify the human G; proteins as G;, and G;;.
Iodination of the second antibody (5 pg) in 30 pl 600 mM
potassium phosphate, pH 7.0, was carried out by addition of
2mCi carrier-free '*°I solution in 2—5 pl, and 10 pl fresh
5 mg/ml solution of chloramine T. The reaction was stopped
after 1 min at room temperature with 100 ul fresh 8.5 mg/ml
of sodium metabisulfite. The labeled IgG was separated from
the iodination reagents by molecular exclusion chromatog-
raphy over a prepacked Pharmacia PD-10 column, equilibrat-
ed and developed with buffer A plus 0.1% ovalbumin.

Recombinant baculoviral a;; subunits

Recombinant baculovirus (bv) was purified to greater than
90% purity (Fig. 1) from lysates of Sf9 cells infected with
ecombinant baculovirus bearing the open reading frame
encoding the human o3 (Ncol — Avall fragment of o;5 in M13,
described in [46] in place of the open reading frame of the
polyhedrin gene, following procedures outlined in the text and
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to be described in detail elsewhere (Graf, R., Codina, J. &
Birnbaumer, L., unpublished results). Recombinant baculo-
virus was obtained following procedures of Summers and
collaborators [33, 34].

Purification of G;; and G;; from human erythrocyte membranes

Human erythrocyte G proteins were extracted from eryth-
rocyte membranes (55 g protein) and subjected to the first-
three chromatography steps (DEAE-Sephacel, AcA-34 Ultro-
gel and Heptylamine-Sepharose) as described for pool B of
the AcA-34 eluate, which contains approximately 65% of the
PTX substrates [21, 35]. The fractions were assayed for G,
(cyc™ reconstituting activity) and for the presence of PTX
substrates as seen by [*?PJADP-ribosylation followed by urea
gradient/SDS/PAGE and autoradiography. The latter shows
two major PTX-labeled bands denoted as ‘upper’ and ‘lower’,
which correspond to the ADP-ribosylated forms of «;; and
a7, respectively. Resolution of G;; from G;s, as well as separa-
tion from other proteins, was accomplished by sequential
chromatography, first over a second heptylamine-Sepharose
column, then over two or three DEAE-Toyopearl columns as
shown in Fig. 2. G, was purified from the AcA Ultrogel pool
A, taking care to pool the eluates so as to minimize contami-
nation with PTX substrates. A total of four pools of G proteins
were obtained, with the following protein yields: 81 ug G,
(Fig. 3, lane S); 360 g G;, (Fig. 3, lane A); 414 nug G;; (Fig. 3,
lane B); a mixture of 450 pg G, plus 220 pg G;, (Fig. 3, lane
C). The G, Gi, and G;; proteins prepared in this way were
at least 90% pure in terms of unrelated contaminants and
contained less than 5% cross contaminating G proteins as
assessed by PTX labeling and cyc~reconstitution assays (not
shown).

"Upper’ and ‘lower’ PTX substrates were identified as a;
and a;,, respectively, by immunoblotting with peptide-specific
antisera AI2-1 and AI3-2. Antiserum AI2 reacted with the o
subunit of the ‘lower’ G protein and not with that of the
‘upper’; the converse was found with antiserum AI3 (not
shown). Limited amino acid sequence analysis of Staphylococ-
cus aureus V8-protease-digested peptide fragments derived
from a sample formed of 90% ‘upper’/10% ‘lower’ provided
independent confirmation for the identity of ‘upper’ as a;;
[36].

Purification and assay of human erythrocyte G,

G, was purified free of PTX substrates and assayed by its
ability to reconstitute GTP[yS]-stimulated, isoproterenol and
GTP-stimulated and sodium-aluminum-fluoride-stimulated
adenylyl cyclase activity in cyc™ S49 cell membranes as de-
scribed [21, 35].

By dimers

Human erythrocyte fy dimers (Figs 4 and 5) were prepared
as described [21, 35} and were frozen at —70°C at 410 ug/ml
(10 uM) in 200 mM NaCl, 20 mM 2-mercaptoethanol, 1 mM
EDTA, 10 mM Hepes (Na salt), pH 8.0, 30% ethylene glycol
and 0.1% Lubrol-PX.

Human placenta By dimers (Figs 4 and 5) were purified
[16] and kept frozen at —70°C at a concentration of 317 pg/
ml (7.78 pM) in 50 mM Hepes (Na salt), pH 8.0, and 0.1%
Lubrol-PX.

Bovine brain fy dimers (Figs 4 and 5) were obtained as a
side fraction upon purification of bovine brain G, [36] and
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Fig. 2. Progress of the purification of human erythrocyte G;; and G;;. The figure shows the areas of autoradiograms of urea gradient/SDS/
PAGE gels that correspond to a subunits of PTX-sensitive G proteins (M, 35—45000). Pool B (230 ml) from an Ultrogel AcA 34 column was

chromatographed over heptylamine-Sepharose [variant B: 2.5¢cm d

iameter, 100 ml bed volume; 600-ml reciprocal 0.4—2% cholate/200—

0 mM NacCl gradient in 20 mM 2-mercaptoethanol, 1 mM EDTA, 10 mM Hepes (Na salt, pH 8.0, 30% ethylene glycol; 6-ml fractions]. A.
shown, the ‘upper’ (leading) PTX substrate was partially separated from the ‘lower’ (trailing) PTX substrate, the last part of which in turn
overlapped with G,. Fractions were pooled as shown and rechromatographed over heptylamine-Sepharose (heptylamine B-1 and B-II
chromatographies; columns of 0.9-cm diameter, 10-ml bed volume; 600-ml reciprocal gradient as above, 6-ml fractions). The fractions with
PTX substrates from these two steps were then subjected to separate second DEAE chromatographies over DEAE-Toyopearl (0.9-cm diameter,
10-ml bed volume; 600-ml 0 —4% cholate gradient in buffer B plus 0.5% Lubrol-PX; 6-ml fractions). This resulted in a further partial
separation of ‘lower’ (now leading) from ‘upper’ (now trailing) PTX substrate, with the difference that while the leading ‘lower’ PTX substrate

eluting from the second DEAE-A was free of G,, that eluting from

the second DEAE-B contained an about equimolar amount of G;. The

eluates from each of the second DEAE columns were combined to give three pools of which the two center pools, (approximately 1:1 ‘upper’
and ‘lower’ PTX substrates) were combined, diluted and re-chromatographed over DEAE-Toyopearl (second DEAE-AB; 0.9-cm diameter,
50-ml bed volume; 600-mt 0 —4% cholate gradient as above; 6-ml fractions). The fractions with the leading PTX substrate (lower’) from the
second DEAE-AB were combined with those from the second DEAE-A, the fractions with the trailing ‘upper’ PTX substrate were combined
with those from both the seeond DEAE-A and DEAE-B. These and the pool of leading ‘lower’ PTX substrate plus contaminating G, from
the second DEAE-B pools were then subjected to a third DEAE chromatography (columns designated A, B and C as shown on the figure;
0.9-cm diameter; 10-ml bed volume; 600-ml 0—300 mM NaCl gradient in buffer B plus 0.5% Lubrol-PX; 6-ml fractions). ‘Upper’ PTX
substrate (Gjs) elutes from the third DEAE column slightly earlier than the ‘lower” PTX substrate (G;;), which in turn essentially co-
chromatographs with G,. Fractions from the third DEAE A, B and C columns were pooled to give pools A (G;s, Fig. 3, lane A), B (Gi,,

Fig. 3, lane B) and C (G, plus G;,, Fig. 3, lane C). Flow rates were 1

.0—1.1 ml. All other conditions and materials were as described in {34].

PTX labeling and urea gradient/SDS/PAGE were as described in Materials and Methods. Hept, heptylamine-Sepharose [21].

were kept frozen at —70°C at 355 pg/ml (8.66 uM) in the
same buffer as human erythrocyte fy.

Bovine ROS By dimers were prepared from rod transducin
[37] and kept frozen at —70°C at 1.400 mg/ml (34 nM) in
10 mM Mops, 2 mM dithiotreitol, 200 mM NaCl, 2 mM
MgCl, and 40% glycerol.

RESULTS
Assessments of interactions between By dimers and a subunits

The present experiments were designed to test the proper-
ties of By dimers as assessed by their ability to interact with «

subunits. Three sets of experiments were performed. In one,
we studied the By-dimer distribution, as assessed by f35/f36
ratios, among three naturally occurring G proteins, G;, Gj;
and Gi,, purified to apparent homogeneity from a homo-
genous cell population, in this case human erythrocyte. In the
second approach, we tested the ability of fy dimers to promote
ADP-ribosylation of an « subunit, in this case recombinant
;3 synthesized by Sf9 insect cells infected with a baculovirus
in which we had inserted the o;; cDNA downstream of the
polyhedrin promoter. This approach is based on the fact tha
ADP-ribosylation of any PTX-sensitive G-protein a subunit
can be promoted by any Sy dimer, regardless of its origin. In
the third approach, we compared the ability of three of the fy
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Fig. 3. Urea gradient/SDS/PAGE analysis of fractions from the purifi-
cation shown in Fig. 2. Photographs of Coomassie blue stained gels
are shown. Lanes S, A, B and C, correspond to aliquots of proteins
obtained, respectively, from purifying G, activity from the AcA 34
Ultrogel pool A, Gj,, G;; and a mixture of G, plus G;, from the AcA
Ultrogel pool B [35]. Note the presence of two f subunits in each of
the proteins. y subunits (M, = 5000 — 8000) are not resolved on these
gels and migrate with the dye front. Lanes S, C, A, and B received
250, 350, 250 and 500 ng protein, respectively. Ori, origin; D. F., dye
front; Alb, albumin.
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Fig. 4. Analysis of the distribution of g subunits with migration of 855
and B3 in By dimers used in these studies. fy dimers were subjected to
urea gradient/SDS/PAGE, the gel slab was stained with Coomassie
blue and photographed. Protein samples were 312 ng bovine ROS By;
1200 ng bovine brain By, 687 ng human erythrocyte gy (RBC) and
375 ng human placental fy. y subunits were not resolved from the dye
front (D. F.). Ori, origin; Alb, albumin; Stds, standards. The M,
standards are shown in the left-hand lane.

sreparations to interact in vitro with G, as seen by their
ability to promote deactivation of fluoride-activated human
erythrocyte G, and their ability to inhibit membrane-bound
adenylyl cyclase.
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Fig. 5. Analysis of y peptides in the By dimers used in these studies. fy
dimers were subjected to discontinuous-urea-gradient and polyacryl-
amide gradient gel electrophoresis in the presence of SDS as described
in Materials and Methods and the gel slabs were stained first with
Coomassie blue and photographed, then, after destaining overnight in
methanol, with a color-developing silver stain [28] and photographed
again. The figure shows only the regions of the gels in which proteins
are that migrate with apparent molecular masses of 2000 —10000. (A)
Coomassie-blue stain of a gel that had received 7 ng ROS By, 5 pg
bovine brain #y, 9 ug human erythrocyte fy (RBC) and 5 pg human
placental By. (B) Silver stain of a gel in which the protein loads were
10% of those in (A). (C) Silver stain of the same gal shown in (A).

The B and y subunit composition of purified G proteins

The purification of G, G;, and G;i,, essentially free from
each other (Fig. 2) and from s single-cell-type human erythro-
cytes, offered an opportunity to explore whether the different
G proteins might contain a distinctive complement of By
dimers. If so, this would mean that different By dimers would
be generated on activation of different G proteins, and hence
that the dimers have a potential for mediation of G-protein-
specific receptor signals. However, upon analysis of the 36/
B35 ratios of G,, G;, and G;; purified from human erythro-
cytes, we found that each G protein contained the same rela-
tive proportions of f subunits (Fig. 3, lanes S, C, A and B).
These data indicate that the ratio of affinities for 35 versus
B3¢ containing fy dimers is the same for a,, a;; and a;3.

Interaction of purified fy dimers with a subunits

Subunit makeup of the By dimers used in the present study and
complexity of the B-subunit makeup

Even though four cDNA species encoding highly similar
B-subunit sequences have been cloned [13], to date only two
of the gene products have been characterized in terms of
their migration upon SDS/PAGE; f, which migrates as a
polypeptide of M, 36000 [38] and f, which migrates as a
polypeptide of M, 35000 [39, 40]. Since analysis by SDS/
PAGE or urea gradient/SDS/PAGE (e.g. Fig. 4) has thus far
revealed only B subunits that migrate with apparent M, of
35000 (B1s) and 36000 (B1e), it follows that the translation
products of 5 and f, either co-migrate with those of #, and/
or fi,, or that f§; and f, are expressed only in selected tissues
or cell types from which G proteins and/or By dimers have
not yet been purified. The 8y dimers used in the present studies
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contained widely differing ratios of B subunits with ;5 and
B3¢ behavior (Fig.4). ROS By dimers had no f;s, bovine
brain fy had an approximate f3¢/f35 ratio of 3:1, human
erythrocyte fy dimers, which are obtained as a side product
in the G-protein purification [21, 35], had about equal pro-
portions of the two types of § subunits and human placental
By dimers [15] had an excess of 35 over 3¢ subunits of about
9—15:1.

Complexity of the y subunit makeup

The four types of fy dimers differed not only in their
p-subunit composition, but also in their:y-subunit composi-
tion, as analyzed by discontinuous-urea-gradient and
polyacrylamide-gradient electrophoresis in the presence of
SDS (Fig. 5). In each preparation, we found both a major
band, denoted as ye¢, which in this system migrates slightly
faster that a 6.2-kDa CNBr fragment of myoglobin, but co-
migrates with it in a standard 10— 15% polyacrylamide gradi-
ent SDS/PAGE, and a minor band, denoted as yg. The two
forms of y subunit differed according to the source of the fy
dimer, both upon staining (Fig. 5C) and, as shown earlier, in
immunological reactivity [15, 16] and the type of peptide maps
they yield [41]). Thus, placental y subunits stain differently
from non-placental y subunits, antibodies that cross-react with
ROS y subunits do not cross-react with bovine brain or human
erythrocyte y subunits [16], and antibodies that recognize pla-
cental y subunits do not cross-react with either brain, liver or
ROS 7 subunits [16]. Likewise, peptide maps obtained from
transducin vy, differ from those obtained from human erythro-
cyte G protein (or fiy) and bovine brain y¢, which in turn do
not differ significantly from each other [41]. Although this
could suggest identity between human erythrocyte y and bov-
ine brain ye, the peptide maps obtained from these bands
were much more complex than expected from the amino acid
sequence of a cloned bovine brain y-subunit cDNA [42]. This
raises the possibility that what appears as a poorly focused
band may in fact represent a mixture of y¢ peptides in both
the erythrocyte and the brain proteins. The fact that up to
four non-retinal y subunits have been cloned [14], is consistent
with this idea. The identity of the upper ‘pg’ peptides as true
y subunits has not yet been proven by cloning and/or
immunological cross-reactivity, but is inferred from their ap-
parent association with f subunits as seen by co-migration
upon centrifugation through sucrose density gradients. Such
co-migration has been shown for ROS yg [43], as well as
for human erythrocyte and bovine brain yg (Codina, J. and
Birnbaumer, L., unpublished results). However, this has not
yet been shown for placental ‘yg’, so that its identity as a true
y subunit needs to remain tentative.

Thus, the four types of By dimers used to test for specificity
of their interaction with a common « subunit are quite hetero-
geneous, not only in the relative abundance of at least two
types of f# subunits, but also in the type of y subunits associated
with them, the latter being of at least three classes; retinal,
placental and ‘other.” A recombinant baculovirus ;3 was used
to probe for differences in the o subunit association of these
By dimers.

Characteristics of purified recombinant baculovirus o;3 (bvos)

The details of the procedure for purification of this protein
will be described elsewhere (Graf. R., Codina, J., Estes, M.
K. and Birnbaumer L., unpublished results). The resulting
protein was greater than 90% pure as determined by
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Fig. 6. Effect of increasing concentrations of bovine brain gy dimer on
ADP-ribosylation of bva;3 by PTX. Densitometric analysis of intensit-
ies of autoradiographic spots caused by [*?PJADP-ribosylated bva;;
of the reaction reagents separated by SDS/PAGE, as obtained by
subjecting 0.2 nM (0.12 ng/15 pl assay; o) or 0.8 nM (0.48 ng/15 pl
assay) bva;; to ADP-ribosylation by PTX in the presence of the
indicated concentrations of bovine brain fy dimers. Top, photographs
of autoradiographies of the [*?P]JADP-ribosylated bva;; obtained at
the different Sy dimer concentrations after 2 h (0.8 nM bva;s) or 24 h
(0.2 nm and 0.8 nM bva;3) of exposure. Main portion of the figure,
quantitative evaluation of autoradiographies. Data for the main panel
were obtained by scanning the 2-h exposure of the reaction products
obtained at 0.8 nM bva;; and the 24-h exposure of the reaction prod-
ucts obtained at 0.2 nM bva;s. The figure shows only the regions of
the gels in which proteins migrate with apparent molecular masse
of 38000 —43000 Da. No [*?P]JADP-ribosylation was detected upon
ADP-ribosylating By dimers alone (not shown). ADP-ribosylations
were for 36 h at 4°C in a final volume of 15 pl under conditions
described in Materials and Methods.

Coomassie-blue staining, bound 0.7 + 0.2 mol [*>S]GTP[yS]/
mol protein, assuming a M, of 40000 (not shown), and
contained only one major contaminant (1% — 5% of the total,
depending on the preparation) that migrated on SDS/PAGE
close to the major bva;; band (Fig. 1). Upon immunoblotting,
this band, as well as the major bva;; band, cross-reacted with
anti-peptide IgG specific for a;; (not shown). Among the
possibilities are that the lower band is either a proteolytic
fragment of the translated bvas, the result of internal initia-
tion (e.g. Met18) or early termination of translation of the
bva;; mRNA, the product of an alternatively spliced bva;s
mRNA, or a correctly translated «;3 with different post-trans-
lational modifications. When subjected to ADP-ribosylation
by PTX, alone or in the presence of a fy dimer, the upper but
not the lower band is labeled (Fig. 1), indicating that the band
of interest with a-subunit properties is indeed the upper and
not the lower.

ADP-ribosylation of bva;; depends on the concentration
of By dimers

Under our assay conditions (see Material and Methods),
we observed that ADP-ribosylation of bva;; is greatly acceler-
ated by By dimers and that, over a limited range of concen
trations, the proportion of a-subunit ADP-ribosylated is pro-
portional to the amount of By added. This is illustrated for
two concentrations of bva;; in Fig. 6. On the basis of results
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Fig. 7. Comparison of the ability of four types of fiy dimers to promote
ADP-ribosylation of a G-protein « subunit (bva;;). By dimers were
mixed with increasing concentrations of bva;;, PTX (10 pg/ml) and
ADP-ribosylation reagents and incubated at 4°C for 36 h. The total
reaction mixture (10 pl for A and 15 pl for B) was diluted in NAD
and SDS-containing Laemmli sample buffer [24] and subjected to
SDS/PAGE, stained with Coomassie blue and autoradiographed. The
regions of the autoradiographies corresponding to [*?PJADP-
ribosylated bva;s, as obtained without fy addition (control), and with
addition of either bovine brain, human erythrocyte (RBC) or human
placental By dimers were superimposed, slightly offset so as to allow
comparison, and photographed. (A) ADP-ribosylation of the indi-
cated concentrations of « subunits in the absence (top row) or the
presence of 0.3 nM of the four types of Sy dimer (next four rows); (B)
ADP-ribosylation of the indicated concentrations of « subunit in the
absence (top row) or presence of 1.6 nM of four fy dimers (next four
rows). The By dimer preparations used were those analyzed in Figs 4
and 5.
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such as presented on Fig. 6, we concluded that ADP-ribosyla-
tion by PTX can be used as a measure of the ability of fy
dimers to interact with the « subunit.

On a quantitative level, under the assay conditions used,
which included a 36-h incubation in the cold room and the
presence of a 10-fold molar excess of By dimer, we obtained a
maximal incorporation of ADP-ribose of 0.7 mol/mol bva;s
protein, equal to the GTP[yS]-binding activity of the prep-
aration. We obtained only 0.2—0.3 mol ADP-ribose incor-
porated/mol protein substrate when incubations were perfor-
med at 32°C, regardless of the time of incubation.

Comparison of the ability of the four preparations
of By dimers to promote ADP-ribosylation of bva;; by PTX

Fig. 7 presents typical results obtained in two of several
experiments, in which fixed concentrations of By dimers
(0.3 nM and 1.6 nM in this case) were mixed with increasing
concentrations of bva;;, then subjected to ADP-ribosylation
by 10 pg/ml PTX in the presence of 300 nM [3?P]NAD*.
Several aspects of the resuits are worth mentioning. First,
none of the fy-dimer preparations were significantly contami-
nated by PTX substrates, as seen in the last lanes with samples
from ADP-ribosylation reactions without bva;;. Second, as-
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sociation with fy does not seem to be an absolute requirement
for ADP-ribosylation of the bva;; by PTX. ADP-ribosylation
in the absence of added fy persisted after centrifugation
through a sucrose density gradient and collection of the «
subunit from the 2S region of the gradient, indicating that the
ADP-ribosylation is not likely to be due to contaminating
baculovirus fy. We have not yet completed all the studies, but
it would seem that the effect of iy dimers is to accelerate the
rate at which « subunits are ADP-ribosylated by a given
concentration of PTX. Third, the enhancement of ADP-
ribosylation by fy dimers is between 16 — 32-fold, as deduced
from dilution ratios of minimally labeled samples. Finally,
as can be seen from the comparison of the superimposed
autoradiograph, the four types of By dimers were, within a
factor of 2—3, about equipotent in stimulating the ADP-
ribosylation of the « subunit by PTX. For these experiments,
the concentrations of fy dimers were estimated on the basis
of the Coomassie-blue-staining intensity of their combined
subunits, as seen in SDS/PAGE using, as standard, the stain-
ing intensity of varying amounts of bovine serum albumin
electrophoresed on the same gel slabs. Staining intensities were
determined with the aid of a Helena Laboratories Gel Scanner
(Beaumont, TX).

ROS By dimers differ from fy dimers derived
from placental or brain membranes when assayed in terms
of their interaction with a,

The results related thus far were not what we had expected
on the basis of our previous studies that compared either the
efficacy with which bovine brain and bovine ROS Sy dimers
inhibited adenyly! cyclase activity, as seen upon reconstitution
of purified G, and a resolved G-protein-free preparation of
adenylyl cyclase in phospholipid vesicles [44], or the efficacy
with which these same By dimers inhibit G,-activated K*-
channel activity in inside-out membrane patches [45]. In both
of these studies, half maximal effects required at least 10-fold
higher concentrations of the retinal rod cell fy dimers, which
are hydrophilic, than of the bovine brain fy dimers, which are
hydrophobic and required detergent to remain in solution
prior to their use. A similar difference in efficacy was reported
also by Casey et al. [45] who tested the ability of bovine brain
and ROS By dimers to deactivate fluoride activated G,. One
explanation as to why the relative potencies with which differ-
ent fy dimers act in the different assays could be a uniqueness
of the rod cell fy dimer, another could be that both G, and
the particular G protein that fulfills the role of G, in guinea
pig atrial membranes are more sensitive to molecular differ-
ences than recombinant «;;.

We tested whether the retinal fy dimers might be unique
by comparing these dimers to fy dimers from bovine brain
and human placenta, using two assays that may be more
sensitive to differences in fy composition; (a) the deactivation
of fluoride-activated G, purified from human erythrocyte
membranes [46, 47] and (b) inhibition of adenylyl cyclase
activity in intact membranes [18]. As shown in Fig. 8 and
Table 1, when fy function is tested in these ways, the ROS gy
is clearly less potent or efficacious in interacting with «,, than
both the bovine brain and the human placental By dimers.
The human placental and bovine brain fy dimers, in contrast,
were indistinguishable in both «, interaction assays.

The experiment of Table 1 shows that the differences in
the effectiveness of fy dimers to interact with a, seen with
purified protein in detergent solution, also hold true when Sy
dimers are tested by addition to intact membranes. The finding
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Fig. 8. Comparison of the ability of three py dimers to accelerate the
deactivation of G, that had been activated in the with NaF and AIC,;.
Activation: 5 nM human erythrocyte G, was incubated for 20 min at
32 C in the presence of 6 mM MgCl,, 10 mM NaF, 10 pM AICl;,
1% bovine serum albumin, 20 mM 2-mercaptoethanol, 1 mM EDTA,
0.1% Lubrol PX, 10 mM Hepes (sodium salt), pH 8.0, and 15%
ethylene glycol. Deactivation: 1 pl [50 fmol/tube (—) of activated G,
was mixed with 10 pl 1% bovine serum albumin, 0.1% Lubrol PX,
20 mM 2-mercaptoethanol, 5mM EDTA and 50 mM Tris/HCl,
pH 7.6, containing a 5-nM (50 fmol/tube) or 15-nM [150 fmol/tube
(- - -) concentration of the 8y dimer and incubated at room tempera-
ture for the times shown. (A) Assay of G, activity. 90 pl reagents for
determination of reconstitution and measurement of adenylyl cyclase
¢y¢” membrane adenylyl cyclase {10 pl 125 mM Tris/HCL, pH 7.6,
10 mM EDTA, 100 mM MgCl, 10 mM [*HJcAMP (12.800 cpm)];
10 pl nucleoside triphosphate regenerating system formed of 200 mM
creatine phosphate, 20 mg/ml creatine phosphokinase and 2 mg/ml
adenylate kinase; 20 pl 0.5 mM [a-32]ATP (23 x 10° cpm), and 50 pl
0.2% bovine serum albumin containing 10 pg cyc”™ membrane pro-
tein) were added to the 11 ul of the mixture in which G, had been
allowed to deactivate and incubated for 20 min at 30°C. The reactions
were terminated by addition of 100 ul 40 mM ATP, 10 mM cAMP
and 1% SDS and the [3*2P]cAMP formed was isolated by double-
column chromatography ([4, 55] and quantified by liquid scintillation
counting). (B) Assay of fy dimer added to the deactivation reaction.
2.5 ul 20 mM 2-mercaptoethanol, 1 mM EDTA and 30% ecthylene
glycol either with or without 25 nM bva;, were mixed with 2.5 pl of
the same dilutions of By dimers as used for the deactivation reaction
and 10 pl labeling reagents (2.5 pl 0.6 pg/ml activated PTX solution,
2.5ul 6 uM [P?PINAD* (4000000 cpm), 5Spl 30 mM thymidine,
300 uM GDP[fS], 3 mM adenyl-5’yl imidodiphosphate, and incu-
bated at 4°C for 36 h. The complete reaction mixtures were then mixed
with 15 ul twice-concentrated Laemmli’s sample buffer containing, in
addition, 10 mM NAD", and analyzed by SDS/PAGE and
autoradiography of labeled bands. Note that equivalent amounts of
By dimers had been added to the deactivation assay. Time axis of
(A), time of incubation at room temperature for deactivation. Cyc™
reconstituted activity in pmol-min~'-mg~!. @, placental fy; <,
brain By; @, ROS By; O, no addition (5 fmol G tube).

that addition of a stimulatory hormone decreases the effect of
iy dimers to inhibit adenylyl cyclase is in agreement with a
similar finding by Hildebrandt and Kohnken [48]. Exper-
iments with GH,C; cell homogenates to be published else-
where (Codina J. and Birnbaumer, L., unpublished results),

showed that the phenomenon by which stimulation of
adenylyl cyclase inhibits the inhibition by fy dimers is not
restricted to the S49 adenylyl cyclase system.

DISCUSSION

The present finding that, as isolated from a single mem-
brane, different G proteins exhibit the same heterogeneity in
By composition (Fig. 3), suggests that fy dimers constitute a
heterogenous pool of which the members can be shared among
all G proteins in a non-discriminating manner. It follows,
therefore, that a,, a;, and a;3 do not exhibit noticeable differ-
ences in affinity for one over the other of the two (or more)
By dimers expressed in these cells. This is not to say, of course,
that the affinities of the different « subunits for fy dimers may
not vary.

In spite of this observed lack of selectivity in the associ-
ation of an « subunit for any given fy dimer, the results do
not allow us to extrapolate to the situation in the intact cell.
Thus, while the purification procedure used by us [21, 35]
and legend to Fig. 2) rigorously avoids fluoride ions and any
guanine nucleotide, we cannot assert that mere extraction of
G proteins from the erythrocyte membrane (with cholate and
Mg?* in the presence of 2-mercaptoethanol) may have ran-
domized subunit composition. If this is what happened, then
the composition of the purified proteins is in fact the result of
an in-vitro subunit interaction assay, rather than an assay of
in-vivo subunit composition. This in-vitro subunit interaction
assay showed total lack of selectivity of one a for any one of
the By subunits.

The molecular basis for the relative lack of retinal fy
dimers to promote deactivation of G, in solution (Fig. 8
or inhibit GTP-mediated activation of G, in membrane.
(Table 1), is not known at this time. We do not think it is due
to solvent and/or detergent effects. Although ROS fy subunits
are purified without detergents, they were diluted 2000-fold
(from 35 pM in the storage buffer to 15 nM in the G-deacti-
vation assay) with the same Lubrol and 2-mercaptoethanol-
containing buffer in which placental and brain gy dimers are
kept and diluted. We feel that the unique behavior of ROS f#y
subunits is likely to be due to their unique y subunit(s) [41]
and/or to different post-translational modifications of the B3¢
and/or y subunits. Thus, even though the primary amino acid
sequences of the retinal and brain 3¢ are the same by peptide
mapping [41, 49], immunological reactivity towards a peptide-
directed antibody [38] and cloning [50, 51], their amino termini
are blocked (Codina, J., Cook, R. and Birnbaumer, L., unpub-
lished results). This indicates the existence of at least one post-
translational modification, the chemical nature of which is
unknown and which could vary with the cell type. In addition,
it has now been well established that the y subunit expressed
in retinal rod cells, known as yr or y;, not only differs by as
much as 30% in its primary amino acid sequence [14], but also
in the nature of its carboxy-terminal polyisoprenylation. yy is
farnesylated, y subunits elsewhere are geranylgeranylated [52].
It is thus conceivable that, by differently modifying y and §
subunits, rod cells create a separate pool of fy dimers, designed
to interact primarily with the o subunit of transducin and
thus participate in the signal transduction of light, without
interfering with other G protein mediated signal trans-
ductions, e.g. adenylyl cyclase and various phospholipase
which are known to exist in these same cells and operate in
response to humoral signals independently of the lighting
condition. In this sense, the functional difference uncovered
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Table 1. Comparison of inhibition of wild-type S49 cell adenylyl cyclase activities by bovine brain, human placental and ROS yp dimers. 25 g
protein of $49 cell membranes [35000 x g pellet prepared as described by Ross et al. [53] with the exception that MgCl, was omitted from the
buffers and resuspended in 1 mM EDTA and 10 mM Hepes (sodium salt), pH 8.0)] were mixed in a final volume of 40 ul with 5 pl 10 mM
EDTA, 20 mM MgCl,, 10 mM [*H]cAMP (12750 cpm) and 125 mM Hepes (sodium salt), pH 8.0, 5 ul 20 mM creatine phosphate, 20 mg/ml

satine phosphokinase, 2 mg/ml adenylate kinase, 5 pl 600 mM NaCl, 5 ul 1 mM ATP and 100 pM GTP and 10 pl of 100 mM NaCl, 1 mM
.DTA, 10 mM Hepes (sodium salt), pH 8.0, 0.02% Lubrol PX, 2 mM 2-mercaptoethanol and 3% ethylene glycol either with or without the
indicated By dimers. These mixtures were incubated on ice for 30 min and then at 32°C for 15 min. Adenylyl cyclase activity was then measured
for 15 min at 32°C after addition of 10 pl 0.1% bovine serum albumin containing 18.7 x 106 cpm of [«-32P]-ATP (450 Ci/mmol) without or
with 50 pM (—)-isoproterenol. The reactions were stopped and [**PlcAMP was then determined as described previously [54, 55]. Incubations
were carried out in triplicates and values are means +S. D. Similar results were obtained in a total of three experiments of this type. All
activities in the presence of By dimers were lower than control at P < 0.05. All effects of By dimers were decreased by addition of isoproterenol

at P < 0.05. The control values are given by the inhibition of the effect of the By dimer in the presence of isoproterenol.

Addition Adenylyl Cyclase Activity in the presence of Inhibition of Activity Inhibition of the
effect of By by
- 10 uM isoproterenol — 10 uM isoproterenol  isoproterenol
pmol - min~! - mg protein " %
No addition 38+0.1 7843 - — -
Brain By
0.66 pmol 23+01 68+ 5 40+2 13+8 68 +19
2.00 pmol 1.8+0.1 47+3 53+4 40+ 4 25+ 7
0.66 pmol 22401 68 +4 4343 1318 70+ 13
2.00 pmol 1.7+ 0.1 47+ 4 S6+5 40+ 4 29+ 9
ROS By
0.66 pmol 3.2+041 76 +3 16+3 3+4° 89 + 25
2.00 pmol 2.6+0.2 66+ 1 32+6 15+4 53+15

2 Activity in the presence of By dimers was the same as that of the control.

for ROS By may be unique and have no general physiologic
relevance.

We have thus analysed the properties of fy dimers, both

n terms of structure as seen on polyacrylamide-gel

electrophoresis and differential staining properties, and in
terms of functional interactions with purified and native mem-
brane-bound o subunits. We conclude that the analysis of G
proteins of one cell type, the erythrocyte, does not support
the idea that one a subunit interacts preferentially with one
type of By molecule over another. With the exception of the
ROS By, this conclusion is supported by the findings that By
subunits are about equipotent in promoting ADP-ribosylation
of a recombinant a subunit and that brain and placental fy
subunits are equipotent in promoting deactivation of fluoride-
activated G, or in interfering with a,-dependent basal adenylyl
cyclase activity.

Taken together, these data are not conducive to thoughts
that would ascribe specific signalling roles to one or the other
of the By dimers. However, the subunit composition of fy
dimers is very complex, as revealed in the proteins isolated
from different tissues, and, although an in-vitro assay such as
G, deactivation may not be of immediate physiologic rel-
evance, it shows that it is possible to measure a functional
differences for at least one of the fy dimers, the ROS fy. This
obliges one to consider the possibility that the fy composition
of a given G protein could vary selectively under non-steady-
state conditions and that this could confer differing temporal
By-dimer patterns to the activation of a G protein. To resolve
this issue, it will be necessary to determine not only affinities
of individual By dimers for G-protein a subunits, but also for
the other coupling partners, the receptors and the effectors.
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